Anaplastic thyroid cancer (ATC) is a rare refractory disease, frequently associated with BRAF mutations and aberrant vascular endothelial growth factor (VEGF) secretion. The antitumor effects of sorafenib were evaluated, and its mechanisms of action were investigated. Four human ATC cell lines were used: OCUT-4, which possesses a BRAF mutation; OCUT-6 and ACT-1, which carry NRAS mutations; and OCUT-2, which possesses mutations in BRAF and PI3KCA. The viability of Sorafenib was evaluated by MTT assay. In order to examine the inhibitory effect of Sorafenib on intracellular signal transduction, expression of mitogen-activated protein kinase kinase was examined by western blotting. In addition, cell cycle analysis was performed using flow cytometry. The inhibitory effects of sorafenib on the growth of ATC cells and human umbilical vein endothelial cells (HUVECs) stimulated with conditioned media from ATC cells were examined. Sorafenib inhibited the viability of OCUT-4 more effectively than other ATC cell lines; these effects may have been mediated cytostatically by suppressing mitogen-activated protein kinase kinase phosphorylation. Conversely, similar suppression was not observed in OCUT-6 cells, which possess an NRAS mutation. The four cell lines secreted different quantities of VEGF, and the proliferation of HUVECs was differentially stimulated by their conditioned media. Both anti-VEGF antibody and sorafenib prevented this stimulation of proliferation. In conclusion, sorafenib more effectively inhibited RAF-generated growth signals in ATC cells compared with signals generated by its upstream gene, RAS. ATC cells stimulated the growth of HUVECs via humoral factors, including VEGF; this effect was clearly inhibited by sorafenib. The present findings highlighted the potential of sorafenib for the treatment of ATC and provided insight into its mechanism of action.
Introduction
Anaplastic thyroid cancer (ATC) is a rare orphan disease, accounting for 1-2% of all thyroid cancer cases (1, 2) . Due to its highly malignant potential, patients with ATC often succumb within 6 months of diagnosis despite intensive multimodal therapies, including surgery, chemotherapy and/or radiation therapy (1, 2) . At present, no effective therapeutic method has been established; thus, development of novel therapeutic strategies for ATC, including molecular-targeted therapy, is highly anticipated. Our previous studies demonstrated the possible effects of molecular therapies targeting peroxisome proliferator activated receptor-γ (3), epithelial growth factor receptor (4), B-RAF/mitogen-activated protein kinase kinase (MEK) (5) , as well as the effects of an mTOR inhibitor (6) . However, the efficacy of these single molecule-targeted agents were limited and depended on the characteristics of specific genetic alteration in the cancer cells. These observations indicated the importance of developing novel therapies targeting multiple molecules or epigenetic mechanisms (7, 8) .
Sorafenib is a multi-kinase inhibitor targeting RAF, vascular endothelial growth factor (VEGF) receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) (9) , and has been demonstrated to have significant anticancer effects in renal cell carcinoma and hepatocellular carcinoma by prolonging progression-free survival (PFS) and/or overall survival in patients (10, 11) . In addition, the DECISION trial showed that the mean PFS of patients with radioiodine-refractory differentiated thyroid cancer (RR-DTC) could be extended from 5.8 to 10.8 months following sorafenib therapy compared with that of patients receiving the placebo, leading to approval of sorafenib for clinical treatment of RR-DTC in several countries (12) . Phase II trials have also been conducted for the effects of sorafenib in ATC. Although no clinically relevant response was demonstrated, disease stabilization was confirmed in certain cases (13, 14) . Currently, lenvatinib is the only drug approved for clinical use in Japan for patients with unresectable ATC (15, 16) . Lenvatinib is also a multi-kinase inhibitor targeting similar molecules as sorafenib, including VEGFR and PDGFR, but not the RAF signaling pathway (17) . Mutated BRAF is widely known as an important driver gene that promotes the aberrant proliferation of cancer cells (18) (19) (20) .
A BRAF inhibitor has already been applied as a clinically important therapeutic agent in several types of cancers (21, 22) . Recent observations indicated that BRAF mutations were more frequent in ATC tumors (~40%) (23) than previously considered (24) . As previously proposed (5) , inhibition of BRAF may be a promising strategy to control cases of ATC involving BRAF mutations. Additionally, ATC cells have been shown to secrete VEGF (25) ; thus, VEGF-mediated tumor neovascularization is hypothesized to be a strong contributor to the aggressive progression of ATC.
Based on this background, in the present study, the mechanisms underlying the antitumor effects of sorafenib as a multi-molecular targeted therapy agent were investigated using authenticated human ATC cell lines. Additionally, the effects of sorafenib on the impairment of cancer cell-secreted VEGF-mediated tumor neovasculature were evaluated, as well as the inhibition of signal transduction mediated by the RAS/RAF/MEK pathway ( Fig. 1 ).
Materials and methods
Cell lines and culture conditions. Four authenticated human ATC cell lines were used in the present study, including three cell lines (OCUT-2, OCUT-4 and OCUT-6) established and characterized in our laboratory (4) (5) (6) 25) . These three cell lines were authenticated via STR profiling. The BRAF V600E mutation was found in OCUT-2 and OCUT-4 cells. OCUT-2 cells harbor a mutation of PI3KCA in addition to the BRAF mutation, and a NRAS mutation was detected in the OCUT-6 and ACT-1 cell lines (Table I) . ACT-1 cells were kindly provided by Dr Seiji Ohata (Tokushima University) (4). Each cell line was cultured in DMEM (Wako Pure Chemical Industries, Ltd.) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA), 100 IU/ml penicillin and 100 µg/ml streptomycin at 37˚C with 5% CO 2 in humidified conditions. Viability assay. The inhibitory effects of sorafenib on the viability of the ATC cells were measured by an MTT assay (4). Cells (1x10 3 ) were seeded in each well of a 96-well plastic culture plate and incubated overnight under the aforementioned culture conditions. They were then treated with the indicated dose of sorafenib (50, 100, 250, 500 and 1,000 nM; Santa Cruz Biotechnology, Inc.) for 72 h. Subsequently, MTT reagent (Dojindo Molecular Technologies, Inc.) was added to each well at a final concentration of 0.5 mg/ml, and the cells were incubated for a further 2 h under the same conditions. The culture plate was centrifuged at 200 x g for 5 min at 25˚C and the supernatant was removed. Dimethyl sulfoxide was added to dissolve the formazan crystals, and the absorbance at 570 nm was measured using a microplate reader (Model 550; Bio-Rad Laboratories, Inc.) and calculated using the supplied software (LS-PLATE Manager 2004; Wako Pure Chemical Industries, Ltd.). The experiments were conducted three times independently, in triplicate each time, and the average values of the three independent experiments were calculated. The efficacy of paclitaxel alone or in combination with sorafenib on cell viability was also measured in the same manner to investigate the synergistic effect of these two drugs in all four cell lines. Cells were exposed to 1-100 nM of paclitaxel for 72 h with or without 100 nM of sorafenib (equivalent to the estimated IC80 value for each cell line) concomitantly.
Western blotting. BRAF signaling was measured in OCUT-6 cells. The expression and phosphorylation of MEK, a protein downstream of RAF (5), were measured via western blot analysis. OCUT-4 and OCUT-6 cells (5x10 6 ) were incubated for 24 h with sorafenib (50 nM). After treatment, the cells were lysed in 400 µl of 1% Triton in PBS and gently agitated for 20 min. Protein was then extracted via centrifugation at 8,050 x g for 5 min at 4˚C. The concentration of the protein was measured by BCA method (5) . Total protein (60 µg) was electrophoresed on a 10% polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Trans-Blot Turbo Transfer Pack; Bio-Rad Laboratories, Inc.). The membrane was blocked with 5% skim milk for 2 h at room temperature and incubated with a 1:1,000 dilution of anti-human MEK1/2 (cat. no. 8727S), phosphorylated (p)-MEK1/2 (S217/221; cat. no. 9154S; both Cell Signaling Technology, Inc.) and β-actin (cat. no. A5441; Sigma-Aldrich; Merck KGaA) for 12 h at 4˚C. After washing three times (10 min each) with 0.1% Tween 20 in PBS at room temperature, the membrane was incubated for 1 h at room temperature with a 1:5,000 dilution of peroxidase-conjugated secondary antibody (cat. no. NA934; GE Healthcare Life Sciences), and washed three more times with PBS under the same conditions. The peroxidase activity of the secondary antibody was detected with an enhanced ECL reagent (Immuno Star Zeta; Wako Pure Chemical Industries, Ltd.) and chemiluminescence detection system (ImageQuant LAS 4000mini; GE Healthcare Life Sciences). Densitometry was performed using software (Image Quant TL version 7.0; GE Healthcare Life Sciences). Expression of VEGFR2 on the ATC cells was examined with the same protocol. Anti-VEGFR2 antibody (cat. no. 9698; Cell Signaling Technology, Inc.) was used as the primary antibody, and cultured human umbilical vein endothelial cells (HUVECs; Kurabo Industries Ltd.) were used as a positive control for VEGFR expression.
Cell cycle analysis by flow cytometry. Flow cytometry was used to assess the cell cycle distribution of OCUT-4 cells treated with sorafenib. OCUT-4 cells (5x10 6 /ml) treated with 200 nM sorafenib for 1 h were collected after brief trypsinization, washed with PBS, and fixed with 70% cold ethanol at 4˚C for 2 h. The samples were then treated with ribonuclease at 37˚C for 15 min (cat. no. R4875; Sigma-Aldrich; Merck KGaA) and 10 mg/l propidium iodide at 4˚C for 30 min (Sigma-Aldrich; Merck KGaA), and analyzed using a cell sorter (FACScan LSR II; BD Biosciences). Cell cycle distributions were quantified using ModFit LT version 5.0 software (Verity Software House).
Measurement of VEGF in the culture medium. Cells of all four cell lines (1x10 5 ) were seeded on a 10-mm plastic culture plate in 5 ml of fresh medium, and cultured for 48 h. The supernatant was sampled and filtered (MILLEX-GV Filter Unit; Merck KGaA) to prepare conditioned medium. The concentration of VEGF in the conditioned medium was measured via ELISA (cat. no. DVE00; LSI Medience Corporation) according to the manufacturer's protocols. The concentration of VEGF in the fresh medium was confirmed to be below the detectable level of the assay.
Effects of ATC conditioned medium and sorafenib on
HUVECs. To investigate the effects of sorafenib on the impairment of cancer-secreted VEGF-mediated tumor neovasculature, the proliferation of HUVECs was measured following stimulation by conditioned medium from the supernatant of all four ATC cells, in the presence or absence of sorafenib. Cryopreserved HUVECs were purchased and prepared according to the manufacturer's protocols before use for the experiment. HUVECs were thawed and incubated at 37˚C with 5% CO 2 in low-serum primary culture medium (HuMedia-EB2 plus 2% fetal bovine serum, 10 ng/ml human epidermal growth factor, 1.34 µg/ml hydrocortisone, 50 µg/ml gentamicin, 50 µg/ml amphotericin B, 5 ng/ml human fibroblast growth factor-B and 10 µg/ml heparin; all Kurabo Industries, Ltd.) to promote constant growth. Primary culture medium was completely removed prior to each experiment. Prepared HUVECs (3x10 3 ) were seeded in each well of a 96-well plastic culture plate and left overnight in a total of 100 µl culture medium. Subsequently, 100 µl of either fresh culture medium or conditioned medium was added to each well along with 1 nM VEGF (positive control; rhVEGF-A165; Wako Pure Chemical Industries, Ltd.), 1 nM VEGF-blocking antibody (block control; bevacizumab; Chugai Pharmaceutical Co., Ltd.) and/or sorafenib (1 or 10 nM). After culturing for a further 48 h, the supernatant was discarded, and the HUVECs were stained with Mayer's hematoxylin solution (Wako Pure Chemical Industries, Ltd.) for 30 min at room temperature. Each well was washed with tap water and dried. The number of cells in the middle of the well was counted under three separate high-power fields (magnification, x40) of a light microscope. The average counts of three separate experiments were calculated.
Statistics. Statistical analysis was performed using SPSS version 22 (IBM Corp.). The differences of variables were examined using ANOVA (parametric) or Kruskal-Wallis (non-parametric) tests to analyze differences between multiple groups. Tukey (parametric) or Games-Howell (non-parametric) tests were used as post hoc tests. P<0.05 was considered statistically significant.
Results
Effects of sorafenib on cell viability. The inhibitory effects of sorafenib on ATC cells were most pronounced in OCUT-4 cells, which possess BRAF mutations only, when treated at moderately high concentrations (>100 nM). Higher concentrations (>500 nM) of sorafenib were required to observe equivalent inhibitory effects on cell viability in the OCUT-2, OCUT-6 and ACT-1 cell lines (Fig. 2) . Paclitaxel showed strong inhibitory effects regardless of gene mutation status or sensitivity to sorafenib (Table I; only IC 50 values are shown). With combined treatment of sorafenib + paclitaxel, only additive effects were observed; no synergistic effects were reported in any cell line investigated (Fig. 3) .
Effects of sorafenib on RAF/MEK signaling. The mechanism via which sorafenib caused cellular damage was investigated by evaluating alterations in downstream signal transduction from the RAF gene and cell cycle analysis. The phosphorylation of Table I . Characteristics of the anaplastic thyroid cancer cell lines. MEK, a direct downstream kinase of RAF, was clearly downregulated by sorafenib treatment in OCUT-4 cells. In contrast, p-MEK was upregulated by sorafenib in OCUT-6 cells, a sorafenib-insensitive cell line with a RAS mutation ( Fig. 4) . Moreover, there was a clear increase of the G0/G1-phase cell fraction (50.5 to 59.9%) and a simultaneous decrease in the S-phase fraction (41.5 to 31.7%) after treatment with sorafenib in OCUT-4 cells. No sub-G0 cell fraction, indicative of apoptotic cell death, was identified after sorafenib treatment ( Fig. 5 ).
Gene mutation
VEGF secretion by ATC cells. The secretion of VEGF was confirmed in every ATC cell line examined. The concentration of VEGF varied among cell lines without a clear association with the efficacy of sorafenib (Table I) . OCUT-4 cells secreted the lowest concentration of VEGF in the culture medium but showed the highest sensitivity to sorafenib. Moreover, the expression of VEGFR could not be confirmed in any of the ATC cell lines investigated (data not shown). Therefore, the existence of an autocrine cell growth stimulation cascade mediated by VEGF and its receptor was not identified in the experimental ATC cells.
Effect of VEGF and ATC cells on HUVEC proliferation.
VEGF clearly stimulated the proliferation of HUVECs, and this effect was completely blocked by sorafenib to a similar extent as observed with anti-VEGF antibody (Fig. 6) . Moreover, the conditioned medium of all ATC cell lines could also significantly stimulate the proliferation of HUVECs ( Fig. 7 ; data of OCUT-2 and ACT-1 not shown). Although this stimulation was not completely suppressed by VEGF blockade, sorafenib significantly inhibited the conditioned medium-induced proliferation of HUVECs. The inhibitory effect of sorafenib on VEGF/ATC cell-stimulated HUVEC proliferation was evident within a much lower concentration range (1-10 nM) than that required to reduce cancer cell viability (>100 nM). Similar results were observed for all ATC cell lines investigated, despite variation between cell lines in the quantity of VEGF secreted in the conditioned medium.
Discussion
Sorafenib, a multi-kinase inhibitor, impairs the signal transduction generated by RAF-family genes. Sorafenib also inhibits the tyrosine kinase activities of VEGFR-1, -2, -3, PDGFR-β, RET, c-Kit and Fms-like tyrosine kinase 3, and blocks initiating downstream signals (14) . Theoretically, and based on experiments using various cancer cell lines, these mechanisms may underlie aberrant cancer cell proliferation (26) . ATC tumors commonly harbor driver gene alterations in the RAS/RAF/MEK signaling cascade that contribute to the aggressive proliferation of cancer cells (23), and ATC cells often secrete several growth factors or cytokines, such as VEGF, to establish suitable microenvironments for cancer progression (27) . Therefore, sorafenib may be a viable agent for the treatment of ATC. Nevertheless, its detailed mechanism of action in ATC warrants further investigation. It was demonstrated that sorafenib was more effective at regulating cellular proliferation in ATC cells harboring BRAF mutations than cell lines possessing a RAS mutation, or simultaneous BRAF and PI3KCA mutations. The relationship between genetic abnormalities and effects on cellular viability has been demonstrated using breast, colon or pancreatic cancer cell lines (26), as well as ATC cell lines (28) . Sorafenib has been shown to inhibit cell lines possessing wild-type BRAF, or mutated BRAF or CRAF. However, in all these previous reports, a high dose of sorafenib was required to suppress the abundant growth signals generated by mutated RAS, a gene upstream of RAF (26) . Consistent with these reports, it was observed that >500 nM of sorafenib was required to impair the viability of ATC cells with RAS mutations. Kim et al (28) examined both in vitro and in vivo effects of sorafenib in their study using 5 ATC cell lines of known BRAF mutation status. Although they reported the apoptotic cell death of ATC cells irrespective of BRAF mutation status after treatment with sorafenib, they used very high concentrations (>5,000 nM). Here, the induction of cell cycle arrest in sorafenib-sensitive, BRAF-mutated OCUT-4 cells by low concentrations of sorafenib (50-200 nM) was demonstrated, potentially due to inhibition of MEK phosphorylation. Thus, the main mechanism of cancer cell damage by sorafenib appears to be due to cell cycle arrest via targeting RAF as opposed to apoptosis induction. The present findings suggested that ATC cells or tumors harboring BRAF mutations may be a more viable target of sorafenib treatment.
The secretion of VEGF from ATC cells leads to vigorous tumor neovascularization to enable aggressive cancer growth (25) . VEGF also affects existing vessels to increase the permeability of the vascular wall, facilitating the migration of cancer cells into vessels (29), a fundamental step for metastasis. These effects are mediated by the phosphorylation of VEGFR on vascular endothelial cells. Indeed, VEGFR expression on cancer cells has been reported (28, 30) , which enables accelerating proliferation via autocrine growth factor signaling cascades. However, VEGFR expression was not detected in the ATC cell lines used in the present study, suggesting that the VEGF-VEGFR autocrine cascade may be limited in ATC.
Kim et al (28) investigated intratumoral microvessels in an orthotopic ATC xenograft model to demonstrate the antiangiogenic effect of sorafenib. They concluded that sorafenib has more effective anticancer effects by impairing modifications to the tumor vasculature rather than direct effects on cancer cells, based on pathological comparisons of the damage to microvessels and cancer cells. Previous reports suggested that impairment of the VEGF-mediated proliferation of the tumor neovasculature is the primary anticancer mechanism of sorafenib (26, 28) . However, the effects of sorafenib on the interactions between cancer cells and vascular endothelial cells are yet to be fully determined.
In the present study, the stimulation of HUVEC proliferation by humoral factors secreted from ATC cells was demonstrated, which was partially blocked by anti-VEGF blockade, but more markedly inhibited by sorafenib. Although additional studies to determine the involvement of other humoral factors such as PDGF are required, these results indicated that the antitumor effects of sorafenib are primarily due to the impairment of tumor vascularization stimulated by humoral factors, including VEGF, from ATC cells.
Clinical trials have not yet demonstrated a clear therapeutic effect of sorafenib alone on ATC (13, 14) . Based on the present findings: i) Sorafenib requires high dose to show significant direct inhibition of cell growth; ii) the effects of sorafenib are detected in the form of cell cycle arrest but not apoptosis; and iii) activation of PI3K/AKT/mTOR signaling pathway in addition to RAS/RAF/MEK, often found in ATC, can involve in sorafenib resistance. These properties may result in inadequate clinical efficacy in treating ATC using sorafenib. Several synergistic combinations have been reported to enhance the therapeutic effect of sorafenib (31, 32) . The potential synergistic effect of paclitaxel, an effective drug recommended to manage ATC clinically (33, 34) , combined with sorafenib were evaluated; however, no synergistic effect was observed. A previous study reported enhancement of the antitumor effects of paclitaxel against ATC cells by lenvatinib both in vitro and in vivo (35) . They suggested not only the cell viability, but also the apoptosis and G2-M cell cycle arrest induced by paclitaxel were significantly enhanced with concomitant lenvatinib treatment. However, it is difficult to directly compare these results with the present findings, as high doses of lenvatinib (40-fold higher than sorafenib used in this study) and paclitaxel (250-fold higher concentrations as used in this study) were required to demonstrate synergistic effects in the previous study. Future directions may include evaluations of molecular targeted drugs (5, 36) or immune-checkpoint inhibitors (37) as possible partners to strengthen the efficacy of sorafenib for its clinical application in treating ATC.
The present study possesses several limitations. First, the experiments focused on the investigation of the cancer cell-damaging mechanisms of sorafenib in a sorafenib-sensitive ATC cell line, OCUT-4. Conversely, the mechanisms in sorafenib-resistant cell lines were not investigated in detail; further studies comparing the present results to those obtained in other cell lines are required to confirm the proposed mechanisms of action of sorafenib. Second, the effect of sorafenib on VEGF secretion from ATC cells was not studied. This should be studied in future experiments to clarify the specific action of sorafenib on VEGFR. Third, the concentration of only VEGF in the conditioned medium was measured. The involvement of other humoral factors should be studied further, as well as their secretion levels compared with VEGF, in order to reveal the most important factor or factors responsible for cancer progression and sorafenib sensitivity.
In conclusion, the present study suggested that sorafenib more effectively inhibited RAF-generated growth signals in Figure 7 . CM from ATC cell lines stimulates HUVEC growth. HUVECs were treated with CM obtained from the supernatant of cultured ATC cells, which promoted cell growth (data from HUVECs treated with CM of OCUT-2 or ACT-1 cells not shown). This stimulation was inhibited by sorafenib regardless of mutation status. * P<0.05. ATC, anaplastic thyroid cancer; CM, conditioned medium; HUVEC, human umbilical vein endothelial cell; VEGF, vascular endothelial growth factor; VEGF-Ab, antibody specific for VEGF.
ATC cells compared to those generated by its upstream gene, RAS. ATC cells stimulated the growth of endothelial cells via the secretion of humoral factors, including VEGF; this effect was inhibited by sorafenib. Although a suitable partner for clinically effective combination therapy should be identified to improve clinical response, the present observations indicated that sorafenib has a certain degree of therapeutic potential for the management of ATC.
